High efficiency is the key to large scale applicability of photovoltaic systems. Detailed cost analysis done by Electric Power Research Institute (EPRI) indicates that greater than 15% efficient modules will be required at a cost of less than 50(P/watt in order for PV to compete with conventional energy sources.
It has been more than thirty years since silicon solar cells were first discovered, but the drive for high efficiency has only recently become intense due to the balance of system (BOS) cost. During the period 1960 -1975 , only a small improvement in cell efficiency was realized because major emphasis was on radiation hardness and space applications.
Drive for terrestrial applications started in 1975 with the initial emphasis on low cost, therefore, only a moderate improvement in cell efficiency was observed during 1975 -1980. In the early 1980s, when the importance of balance of system cost was recognized, the emphasis shifted to high efficiency and since then the progress in silicon cell efficiency has been phenomenal ( Figure 1 ).
Five years ago, 20% efficient cells seemed unattainable, but today we have already seen 22% (AM1) efficient silicon cells.
Major advances in cell efficiency in the 1980s came from the emphasis on improving V and optical design of silicon cells.
Improved material quality also contributed a Lot to the current rapid progress.
The purpose of this paper is to review and summarize some of those approaches that resulted in AM1 silicon cell efficiencies in the range of 18 -22 %.
Minority carrier recombination and efficiency limits
Short circuit current densities of silicon cells are rapidly approaching the theoretical limits, but the open circuit voltage lags considerably.
Therefore, recent investigators have rightfully placed the emphasis on improving Voc for maximum efficiency.
Radiative band -to -band recombination imposes a4owe; bound on recombination rates in silicon which is given by U = Bnp, where B = 2 x 10-cm /sec.
Several investigators have calculated the open circuit voltage limit due to this recombination.
Schokley and Queisser's detailed balance approach for black body silicon cell gives minimum saturation current density of Another recombination process intrinsic to silicon is Auger recombination which imposes a more severe intrinsic limit upon Voc and cell efficiency.
This dominates the net recombination in a defect or deep lever free silicon.
Estimation of excess minority carrier densities injected across the junction at open circuit voltage show that low level injection condition starts to be violated between 1 to 10 ms bulk lifetime values and the effective lifetimes are then determined by the excess carrier induced Auger recombination rather than by radiative recombination or recombination via deep levels.
This leads tc efficienfy or Vo $aturaticin.
Such saturation has recently been discussed by Green, ' Tiedje,' and Wolf. Green has shown that under low level injection the Auger recombination is U = Cp2n = CpNBn for p -Si where C is the Auger coefficient for p -Si, WB is the cell thickness, and NB is the bulk doping.p This shows that for a given narrow base thickness WB, Vac will continue to increase with the decrease in N . However, at some point cell will go into high injection and Voc will reach saturation' because then It has been more than thirty years since silicon solar cells were first discovered, but the drive for high efficiency has only recently become intense due to the balance of system (BOS) cost. Figure 1 shows a road map of silicon cell efficiency improvement since 1950, when the cell efficiency was only 5%. During the period 1960-1975, only a small improvement in cell efficiency was realized because major emphasis was on radiation hardness and space applications. Drive for terrestrial applications started in 1975 with the initial emphasis on low cost, therefore, only a moderate improvement in cell efficiency was observed during 1975-1980. In the early 1980s, when the importance of balance of system cost was recognized, the emphasis shifted to high efficiency and since then the progress in silicon cell efficiency has been phenomenal ( Figure 1) .
Five years ago, 20% efficient cells seemed unattainable, but today we have already seen 22% (AMI) efficient silicon cells.
Major advances in cell efficiency in the 1980s came from the emphasis on improving VQC and optical design of silicon cells.
Improved material quality also contributed a lot to the current rapid progress.
The purpose of this paper is to review and summarize some of those approaches that resulted in AM1 silicon cell efficiencies in the range of 18-22%.
Minority carrier recombination and efficiency limits
Radiative band-to-band recombination imposes a lower bound on recombination rates in silicon which is given by U = Bnp , where B = 2 x lO" 1^ cm-3 / sec.
Several investigators have calculated the open circuit voltage limit due to this recombination.
Schokley and Queisser 1 s detailed balance approach^ for black body silicon cell gives minimum saturation current density of 5.4 x 10~T6 A/ cm 2 and maximum Voc of 837 mV (AMO, 25°C). 1
Another recombination process intrinsic to silicon is Auger recombination which imposes a more severe intrinsic limit upon Vp C and cell efficiency.
This dominates the net recombination in a defect or deep level free silicon.
Estimation of excess minority carrier densities injected across the junction at open circuit voltage show that low level injection condition starts to be violated between 1 to 10 ms bulk lifetime values and the effective lifetimes are then determined by the excess carrier induced Auger recombination rather than by radiative recombination or recombination via deep levels. This leads to efficiency or Voc saturation.
Such saturation has recently been discussed by Green, Tiedje, and Wolf.
Green has shown that under low level injection the Auger recombination is and U = C p 2n = C Ngn for p -
where Cp is the Auger coefficient for p -S^, WR is the cell thickness, and Ng is the bulk doping. This shows that for a given narrow base thickness Wg, VQC will continue to increase with the decrease in ND. However, at some point cell will go into high injection and Voc D. will reach saturation 1 because then and U = Cnn2p + Cpp2n
This behavior is shown in Figure 2 .
Tiedje et al. 2 have also shown in Figure 3 that it is the Auger recombination that limits the theoretical cell performance and, for a 100 um thick cell, this limit can actually approach 30 %.
However, most investigators believe that due to finite surface recombination velocity, shadow losses, reflection loses, and resistive losses, practically achievable cell efficiency is around 25% (Figure 4 ).
The performance of actual silicon cells to date falls below the practically achievable efficiency limit of 25% because net recombination in these cells becomes limited by the bulk defects or deep levels, before Auger recombination limit is reached.
That is why the measured lifetimes in 0.2 e -cm silicon are well below the millisecpnOs range or the Auger limit ( Figure 5 ).
Bulk trap assisted recombination rate is given by 4,' This approach consists6'7 of 375 Um thick, p -type 0.25 ohm -cm float zone silicon as the base material, front and back surface passivation, and spin -on, double layer antireflective coating that is composed of TiO2 and Si02 films.
The heavily doped n+ and p+ regions are formed by a diffusion process, and all high temperature steps are slow -cooled at a rate of 1 °C /min to preserve the carrier lifetime in the base.
The diffusion length in the finished cells is about 220 um. Figure 6 shows a schematic diagram of this cell design, which resulted in cell efficiencies of =18.3% ( Figure 7 ). The front and back surfaces are passivated by =100 A thick thermally grown oxide, and a double layer antireflective coating is applied on the front over this 100 A oxide. The passivating oxide thickness is taken into account in the optimization of the AR coating design.
According to the model calculations,' 100 A Si0 /475 A Ti06/986 A Si02 on silicon substrates should give 50.4% improvement in Js over the bare silicon surface, provided the refractive index of Ti022 is 2. They have shown that front surface passivation improves the short wavelength response and contributes to the increase in J
The back surface passivation in these cells did not help the long wavelength response 'because the9 cell thickness was much greater than the diffusion length in the base. Model calculations show that this approach can produce =20% efficient cells without major or expensive modifications.
Reduced junction depth and heavy doping in the emitter region, a 300 um diffusion length in the base, and a reduced base thickness coupled with a back surface reflector can give cell efficiencies in Figure 3 that it is the Auger recombination that limits the theoretical cell performance and, for a 100 yin thick cell, this limit can actually approach 30%. However, most investigators believe that due to finite surface recombination velocity, shadow losses, reflection losses, and resistive losses, practically achievable cell efficiency is around 25% (Figure 4 ).
That is why the measured lifetimes in 0.2 ft-cm silicon are well below the milliseconds range or the Auger limit ( Figure 5 ). Bulk trap assisted recombination rate is given by^*-5 np -n2. U = is the energy of the trap level.
J N T It can be shown that for p-type silicon under low level injection VQC = -£n * --and q Therefore, for efficiency Improvements expected in the future, it will become necessary to identify and remove the recombination centers so Auger recombination becomes the lifetime limiting mechanism.
Review of various successful approaches for high efficiency cells

Westlnghouse approach to high efficiency silicon cells
This approach consists"'^ of 375 ym thick, p-type 0.25 ohm-cm float zone silicon as the base material, front and back surface passivation^ and spin-on, double layer antiref lective coating that is composed of TiC^ and SiC^ films.
The heavily doped n* and p + regions are formed by a diffusion process, and all high temperature steps are slow-cooled at a rate of 1°C/min to preserve the carrier lifetime in the base. The diffusion length in the finished cells is about 220 ym. Figure 6 shows a schematic diagram of this cell design, which resulted in cell efficiencies of ~18.3% ( Figure 7 ). The front and back surfaces are passivated by -100 A thick thermally grown oxide, and a double layer antiref lective coating is applied on the front over this 100 A oxide.
The passivating oxide thickness is taken into account in the optimization of the AR coating design. According to the model calculations, 100 A 8100/475 A TiO^/986 A SiC^ on silicon substrates should give 50.4% improvement in J gc over the oare silicon surface, provided the refractive index of TiOo is 2.3. Conventional single layer AR coatings give only about 43% improvement in J sc .
Westinghouse has shown excellent agreement between the model calculation and the experimental data for this AR coating design.
They have shown that front surface passivation improves the short wavelength response and contributes to the increase in J .
The back surface passivation in these cells did not help the long wavelength response c>ecause the cell thickness was much greater than the diffusion length in the base. Model calculations^ show that this approach can produce -20% efficient cells without major or expensive modifications. Reduced junction depth and heavy doping in the emitter region, a 300 ym diffusion length in the base, and a reduced base thickness coupled with a back surface reflector can give cell efficiencies in excess of 20%.
Spire Corporation approach to high efficiency silicon cells
Important featues of this approach^ *^* include the use of p-type, 0.3 ohm-cm, float zone silicon, formation of n+ and p regions by low energy ion implantation and thermal annealing, reduced heavy doping in the emitter region, and texturization and oxide passivation of the (100) silicon surface.
A schematic diagram of this cell design is shown in Figure 8 . Surface texturization results in oblique penetration of photons so they are absorbed closer to the junction region, resulting in improved collection efficiency.
A combination of surface texturization, surface passivation, and Ta205 antireflective coating reduces the reflection losses considerably and gives excellent short circuit current density of -36 mA /cm , even with a diffusion length of -150 um in these cells.
This cell design resulted in 18% efficient cells.
More recently, by careful optimization of heavy doping effects in the emitter, they have been able to demonstrate internal quantum efficiency of nearly 100% in the S ort wavelength range (< 0.5 pm). This is the result of reduced heavy doping (< 2 x 10 cm-') in the emitter and good surface passivation.
An additional improvement in Voc was obtained by introducing oxide islands underneath the grid line to reduce the actual metal silicon contact area.
All these improvements raised cell efficiencies to -18.5% on p -type silicon and 18.8% on n -type silicon ( Figure 9 ). This cell design can further benefit from longer diffusion length and thin base, coupled with good back surface passivation. Equally significant is their resent achievement of greater than 15% efficient module fabricated from such large area (53 cm') high efficiency (> 18 %) silicon cells.
It proves that high efficiency silicon cell production can be scaled up without appreciable loss in cell efficiency.
University of New South Wales approach to high efficiency silicon cells
The University of South Wales (UNSW) approach12,13 has by far been the most successful of all those approaches that utilize low resistivity float zone silicon.
This approach focuses on obtaining high voltage cells by minimizing the recombination throughout the cell. Low resistivity (0.2 ohm -cm), high quality, float zone silicon is used for the base to minimize recombination in the base.
The base diffusion length in the finished cells is on the order of 200 pm, so the recombination in the emitter region, including the metal /silicon contact and the cell surface, is believed to limit the cell open circuit voltage.
In the UNSW approach, first the emitter region is made fairly thin (x < 0.2 pm) and the emitter surface is oxide passivated so that the recombination at the contacts limits V c; then the recombination under the grid contact is reduced by a Passivated Emitter Solar tell (PESC) structure ( Figure 10 ).
In the PESC approach, the contact recombination rate is lowered by reducing the actual metal /silicon contact area to a very low value. Figure 11 shows the lighted I -V data for a 19.8% PESC cell in which Voc on the orde of 662 mV was achieved.
A very respectable short circuit current density ( -36.5 mA/cm') was also obtained in this cell because of good surface passivation and the use of a double layer AR coating composed of evaporated ZnS and MgF2 films.
More recently, 14 they have improved the optical design of the PESC structure by forming microgrooves on the cell surface ( Figure 12 ). This is done by creating slats of 5 pm depth on a 10 um pitch over most of the silicon cell surface.
These slats are defined photolithographically by intersecting (111) planes exposed in the silicon surface which was originally of (100) orientation.
As shown in Figure 12 , the grid metallization of the cell is restricted to regions which have not been grooved.
Such microgrooves can be viewed as onedimensional texturing because a cross -section parallel to the grid fingers shows a textured surface, but the cross -section perpendicular to them does not reveal any surface texture.
Microgrooves retain the advantages of a regular pyramidically textured surface, namely oblique coupling of photons and reduced reflection.
However, they bypass some of the disadvantages of a regular textured surface.
For example, when the carriers get to the surface, they can go straight to the grid line and then to the bus bar without going up and down the pyramids, as is the case in a regular textured cell.
This reduces the carrier path length.
Compared to the PESC structure, sheet resistivity of this structure is decreased by about a factor of 13 due to increased cross -sectional area of the diffused layer.
All these advantages tend to reduce the resistive losses and give higher fill factor. Microgrooved PESC structure also gives 5 -6% increase in J due to the surface texture.
Consequently, cell efficiencies of 20.9% were achieved with Jsc = 38.3 mA /cm and Voc = 661 mV, Figure 12 .
Stanford University approach to high efficiency cells Swanson et al. 15 have designed a point-contact cell which has the potential of reaching 28% conversion efficiencies at 500 suns intensity concentration at 60 °C.
This approach has by far been the most successful of all the approaches and has given AM1 cell efficiencies of 22.2 %. Figure 13 shows the structure of the point-contact cell, which consists of alternating small diffused n-and p -type regions on the back side of the cell.
The contact metal touches the silicon only at these diffused regions on the back.
The point-contact area is a very small fraction of the total back surface area.
Therefore, this contact scheme not only eliminates the shadow losses but also reduces the area of high recombination at the metal/ silicon contacts. A schematic diagram of this cell design is shown in Figure 8 . Surface texturization results in oblique penetration of photons so they are absorbed closer to the junction region, resulting in improved collection efficiency.
A combination of surface texturization, surface passivation, and ^a 2^^ antiref lective coating reduces the reflection losses considerably and gives excellent snort circuit current density of ~36 mA/cm , even with a diffusion length of ~1 50 ym in these cells.
More recently, by careful optimization of heavy doping effects in the emitter, they have been able to demonstrate internal quantum efficiency of nearly 100% in the Short wavelength range « 0.5 ym) . This is the result of reduced heavy doping (< 2 x 10 y cm"-3 ) in the emitter and good surface passivation.
An additional improvement in VQC was obtained by introducing oxide islands underneath the grid line to reduce the actual metal silicon contact area.
All these improvements raised cell efficiencies to -18.5% on p-type silicon and 18.8% on n-type silicon (Figure 9 ).
This cell design can further benefit from longer diffusion length and thin base, coupled with good back surface passivation. Equally significant is their recent achievement of greater than 15% efficient module fabricated from such large area (53 cm 2 ) high efficiency (> 18%) silicon cells.
The University of South Wales (UNSW) approach^ 2 , 1 3 has by far been the most successful of all those approaches that utilize low resistivity float zone silicon. This approach focuses on obtaining high voltage cells by minimizing the recombination throughout the cell. Low resistivity (0.2 ohm-cm) , high quality, float zone silicon is used for the base to minimize recombination in the base. The base diffusion length in the finished cells is on the order of 200 ym, so the recombination in the emitter region, including the metal/silicon contact and the cell surface, is believed to limit the cell open circuit voltage.
In the UNSW approach, first the emitter region is made fairly thin (x-< 0.2 ym) and the emitter surface is oxide passivated so that the recombination at the contacts limits V QC ; then the recombination under the grid contact is reduced by a Passivated Emitter Solar Cell (PESO) structure (Figure 10 ).
In the PESC approach, the contact recombination rate is lowered by reducing the actual metal/silicon contact area to a very low value. Figure 11 shows the lighted 1-V data for a 19.8% PESC cell in which VQC on the order of 662 mV was achieved.
A very respectable short circuit current density (~36.5 mA/cm 2 ) was also obtained in this cell because of good surface passivation and the use of a double layer AR coating composed of evaporated ZnS and Mgp2 films.
More recently, 1^ they have improved the optical design of the PESC structure by forming rnicrogrooves on the cell surface ( Figure 12 ). This is done by creating slats of 5 ym depth on a 10 ym pitch over most of the silicon cell surface. These slats are defined photolithographically by intersecting (111) planes exposed in the silicon surface which was originally of (100) orientation.
As shown in Figure 12 , the grid metallization of the cell is restricted to regions which have not been grooved. Such microgrooves can be viewed as onedimensional texturing because a cross-section parallel to the grid fingers shows a textured surface, but the cross-section perpendicular to them does not reveal any surface texture. Microgrooves retain the advantages of a regular pyramidically textured surface, namely oblique coupling of photons and reduced reflection.
For example, when the carriers get to the surface, they can go straight to the grid line and then to the bus bar without going up and down the pyramids, as is the case in a regular textured cell. This reduces the carrier path length. Compared t() the PESC structure, sheet resistivity of this structure is decreased by about a factor of /3 due to increased cross-sectional area of the diffused layer. All these advantages tend to reduce the resistive losses and give higher fill factor. Microgrooved PESC structure also gives 5-6% increase in J &c due to the surface texture.
Consequently, cell efficiencies of 20.9% were achieved with J gc = 38.3 mA/cm 2^ and V QC = 661 mV, Figure 12 .
Stanford University approach to high efficiency cells
Swanson et al. * have designed a point-contact cell which has the potential of reaching 28% conversion efficiencies at 500 suns intensity concentration at 60°C. This approach has by far been the most successful of all the approaches and has given AM1 cell efficiencies of 22.2%. Figure 13 shows the structure of the point-contact cell, which consists of alternating small diffused n-and p-type regions on the back side of the cell.
The contact metal touches the silicon only at these diffused regions on the back. The point-contact area is a very small fraction of the total back surface area. Therefore, this contact scheme not only eliminates the shadow losses but also reduces the area of high recombination at the metal/ silicon contacts.
Futhermore, the top surface and the region between the contact on the bottom are thermally oxidized to reduce surface recombination via oxide passivation. Since the cell relies on diffusion of carriers from the front to the point-contacts in the back, a high lifetime, thin base material is very important so that L/W » 1.
In the proposed cell design, a 75 pm thick base with a carrier lifetime of 1 mS is recommended. This cell design uses high lifetime, 200 ohm -cm, float zone silicon where, during the cell operation at high concentration, conductivity modulation helps in the reduction of base resistance drop.
This cell design is capable of producing high Voe because total recombination in the cell has been reduced considerably:
high lifetime, thin base material reduces the bulk combination; front and back surface passivation reduces the surface recombination; and small pointcontact coverage reduces the recombination at the metal /silicon contacts and in the heavily doped regions.
In fact, recombination in the contact areas is expected to dominate in this cell design; therefore, reduced contact coverage is the key to high open circuit voltage.
Point -contact cell design is also capable of giving high short circuited current density because:
contact shadow losses are eliminated; front and back surfaces are passivated to reduce the loss of photogenerated carriers near the surfaces; the majority of the back surface area consists of Si-SiO 2 -Al (Figure 13 ), which forms an efficient back surface reflector; and finally, light trapping is achieved by a combination of back surface Al reflector and front surface texturization (not shown in Figure 13 ).
Point -contact structure has v,en one -sun AM1 silicon cell efficiency of 22.2% with V of 682 mV and J of 41.5 mA /cm4. 6 The same cell was found to be 27% efficient at 100 suns concentration ( Figure 14) . AM1 Jsc in these cells is very close to the theoretical limit which is consistent with the observed 100% internal quantum efficiency throughout most of the spectrum except for at wavelengths greater than 0.9 micron.
The long wavelength response can be further improved in this cell by reduced recombination in the heavily doped regions or at the back surface.
Reduced reflection in the long wavelength by the use of double layer AR may also help Jac somewhat.
The Voc of 682 mV and thel ,measv3red lifetime of -1 ms suggests that carrier density at the junction edge is -2 x 10 cm' at the V and -5 x 10 cm' at the cell operating point.
Thus, Vo is not completely dominated by
Auger recombination and may be improved further by higher bulk lifetimes and reduced recombination at the back surface. The fact that there is still some room for improvement in these cells indicates that silicon cell efficiencies of -25% are indeed possible.
Conclusions
Remarkable progress has been made in silicon cell efficiencies since 1983. In the last three years, cell efficiencies have gone up from 17% to 22.2% (AM1, one sun) and for the first time, 25% efficient silicon cells look within reach. But to get there and make them reproducibly will require a considerable amount of basic research in the area of material quality, cell processing, and modeling.
Careful processing and clever cell designs have considerably reduced the secondary losses, but there is still some room for improvement there.
Defect -free silicon or improved silicon quality will eventually lead to the dominance of Auger recombination in the cell which seems to impose the ultimate practical limitation on silicon cell efficiency.
Since there is still some doubt about the magnitude of Auger coefficients, ultimately achievable efficiency could also change. This area requires some fundamental research.
Some other unanswered questions in silicon cell technology today include: what centers limit the bulk lifetime in the very best silicon available today, what is the role of carbon and oxygen, how to retain very high lifetimes during cell processing, and how to measure accurately surface recombination velocity and diffusion length in finished cells.
Therefore, research in this field has by no means become saturated. On the other hand, challenge has become more stiff as we march toward 25% efficient silicon cells and try to make them reproducibly on large area with high yield. bottom are thermally oxidized to reduce surface recombination via oxide passivation. Since the cell relies on diffusion of carriers from the front to the point-contacts in the back, a high lifetime, thin base material is very important so that L/W » 1.
In the proposed cell design, a 75 ym thick base with a carrier lifetime of 1 mS is recommended. This cell design uses high lifetime, 200 ohm-cm, float zone silicon where, during the cell operation at high concentration, conductivity modulation helps in the reduction of base resistance drop.
This cell design is capable of producing high Vpc because total recombination in the cell has been reduced considerably: high lifetime, thin base material reduces the bulk combination; front and back surface passivation reduces the surface recombination; and small pointcontact coverage reduces the recombination at the metal/silicon contacts and in the heavily doped regions. In fact, recombination in the contact areas is expected to dominate in this cell design; therefore, reduced contact coverage is the key to high open circuit voltage.
Point-contact cell design is also capable of giving high short circuited current density because:
contact shadow losses are eliminated; front and back surfaces are passivated to reduce the loss of photogenerated carriers near the surfaces; the majority of the back surface area consists of Si-SiOo-Al (Figure 13 ), which forms an efficient back surface reflector; and finally, light trapping is achieved by a combination of back surface Al reflector and front surface texturization (not shown in Figure 1 3 ).
Point-contact structure has e;iven one-sun AM1 silicon cell efficiency of 22.2% with VQC of 682 mV and J Q of 41.5 mA/cm^. '° The same cell was found to be 27% efficient at 100 suns concentration ( Figure 14) .
AM1 J sc in these cells is very close to the theoretical limit which is consistent with the observed 100% internal quantum efficiency throughout most of the spectrum except for at wavelengths greater than 0.9 micron.
Reduced reflection in the long wavelength by the use of double layer AR may also help J gc somewhat.
The Voc of 682 mV and the .measured lifetime of ~1 ms suggests that carrier density at the junction edge is ~2 x 10'" cm"^ at the Vp C and ~5 x 10' 5 cm" 3 at the cell operating point.
Thus, Voc is not completely dominated by Auger recombination and may be improved further by higner bulk lifetimes and reduced recombination at the back surface.
The fact that there is still some room for improvement in these cells indicates that silicon cell efficiencies of -25% are indeed possible.
Remarkable progress has been made in silicon cell efficiencies since 1983.
In the last three years, cell efficiencies have gone up from 17% to 22.2% (AM1 , one sun) and for the first time, 25% efficient silicon cells look within reach. But to get there and make them reproducibly will require a considerable amount of basic research in the area of material quality, cell processing, and modeling.
Defect-free silicon or improved silicon quality will eventually lead to the dominance of Auger recombination in the cell which seems to impose the ultimate practical limitation on silicon cell efficiency.
Since there is still some doubt about the magnitude of Auger coefficients, ultimately achievable efficiency could also change.
This area requires some fundamental research.
Some other unanswered questions in silicon cell technology today include:
what centers limit the bulk lifetime in the very best silicon available today, what is the role of carbon and oxygen, how to retain very high lifetimes during cell processing, and how to measure accurately surface recombination velocity and diffusion length in finished cells.
Therefore, research in this field has by no means become saturated. On the other hand, challenge has become more stiff as we march toward 25% efficient silicon cells and try to make them reproducibly on large area with high yield. with back surface reflector. Spire progress in silicon cell design and efficiency 
